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Abstract
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With the continuous development of economy, engineering construction is developing towards deep high-stress
area, and the problems of large-deformation engineering are becoming more and more serious. Anchoring grouting
is a very effective support reinforcement method. The anchoring grouting materials used in the project are mainly
cement paste and cement mortar. The characteristics of the grouting material have a decisive influence on the grout-
ing effect. However, it is difficult for the existing grouting materials to satisfy the requirements of strength and defor-
mation at the same time, and improvement is urgently needed. Polycaprolactone (PCL) is an organic polymer material
of good engineering properties, including high ductility, good stability and strong impact resistance. In this paper,
PCL was added as an auxiliary additive to cement-based materials innovatively, and the mechanical test and micro-
test of PCL-cement-based materials were carried out. The results show that adding PCL can significantly increase the
compressive strength of cement paste. By adjusting the content of PCL, the strength and ductility of cement mortar
can be effectively improved. When the content of PCL is 15%, ideal high performance cement mortar material can be
obtained. Anchor grouting is a very effective reinforcement and support method.
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1 Introduction

With the continuous development of engineering tech-
nology and economy, engineering construction is
advancing to deep high-stress areas, and various com-
plex geological environments have brought new difficul-
ties and challenges to the construction of engineering
facilities (Sha et al., 2015). In deep areas with high tec-
tonic stress and complex tectonic movement history,
there are a large number of fracture-loaded strata formed
by the mutual cutting of joints and bedding planes (Liu
et al,, 2008). When excavating and constructing roadways
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(or tunnels) in this type of formation, the roadways are
prone to large deformations under huge surrounding
rock loads, which will greatly affect the safety of the road-
way construction and the construction progress (Fig. 1).
Therefore, it is of great practical significance to study and
solve the problem of large deformation when deep road-
ways pass through fractured rock masses, and at present,
the problem is also a major and difficult issue that needs
to be solved urgently in tunnel engineering (Li et al,
2016).

Anchoring grouting is an important method to
improve the self-carrying capacity of surrounding rock.
It can elevate the overall performance of the fractured
rock mass through reinforcement, so that the internal
stress of the surrounding rock can be released in a sta-
ble and controllable manner, and the surrounding rock
load of the supporting structure can be reduced when it
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Fig. 1 Rupture-bulking and large deformation of deep surrounding rock.

finally reaches a stable state (Barton & Choubey, 1977;
Li et al., 2021). Since the introduction of grouting tech-
nology, the research and development work on grouting
materials has never stopped (Bruce et al., 1999). In the
1850s, the British W. R. kiniple first used cement grout
as a grouting material when reinforcing the foundation
of the spillway of a reservoir, which effectively improved
the bearing capacity of the foundation (Du, 2018). In
the past 200-year-development of grouting technology,
cement-based grouting material has become the first
choice in the field of crack grouting reinforcement due to
its convenient configuration, good injectability, and high
strength of its induration (Du et al., 2017; Qing et al.,
2021; Zhao et al,, 2015). With the vigorous development
of infrastructure construction in western China and the
proposal of “Deep Resources Exploration and Mining”
strategy, traditional cement grouting materials cannot
satisfy the requirements for strength and deformation
performance when faced with the complex construction
conditions in deep high-stress fractured geological zones
(Liu et al., 2019). For example, diversion tunnels of hydro-
power projects, deep geological storage of nuclear waste,
and deep coal mining projects with a depth of more than
one thousand meters. The buried depth of Wushaoling
tunnel, which was completed in 2006, is 450-1100 m.
When it passed through the regional large fault fracture
zone in the Qilian Mountains, the initial support of the
tunnel was severely deformed, with the maximum defor-
mation reaching 1200 mm and the maximum deforma-
tion rate up to 168 mm/d, bringing huge challenges to the
construction (Li & Zhu, 2008). The Maoxian Tunnel on
the Chengdu-Lanzhou Railway, located in the fault zone
of Longmen Mountains, has a maximum buried depth
of about 1656 m. As the strata that the tunnel passes are
mainly carbonaceous phyllite and limestone, and the
folds, faults and joints of the rock mass are densely devel-
oped, the tunnel lies in a typical high crustal stress frac-
tured geological zone. During the construction process, it

encountered long-term, continuous large deformations,
and the maximum deformation even exceeded 1000 mm.
Traditional grouting materials cannot deal with such
large deformation of surrounding rock (Yang, 2009).
Through the above engineering examples, it can be seen
that in the face of complex geological conditions such as
large buried depth, large cross section, and high crustal
stress, traditional cement-based grouting materials still
have a series of shortcomings, including low consoli-
dated strength, negligible tensile strength of joints after
grouting, and poor resistance to large deformations (Lu
et al,, 2021; Wang et al., 2007). Support and reinforce-
ment engineering has put forward higher requirements
for mechanical properties of traditional cement grouting
materials (Guan et al.,, 2020). At the same time, research
on the modification of cement-based materials is also in
full swing.

In the 1930s, scientists used e-caprolactone monomer
to prepare polycaprolactone (PCL) polymer materials
for the first time by cyclic polymerization in the pres-
ence of initiators. As PCL is a non-toxic and harmless
material with microbial degradability, good stability and
biocompatibility (Abbah et al., 2009), it has been espe-
cially widely used in the medical field since its invention
to the 1980s and 1990s. For example, it is utilized as a
drug delivery carrier, surgical sutures, medical dressings,
orthopedic fixation devices, etc. (Ajili et al., 2009; Alani
et al., 2009); meanwhile, it is also widely used in plastic
packaging and tissue engineering (Kumar et al., 2020;
Li et al, 2020). In the twenty-first century, people have
noticed the excellent rheological and viscoelastic char-
acteristics of PCL, which is very conducive to process-
ing and can be formed at low temperatures. In addition,
the crystallinity of PCL is strong, its crystalline state has
high strength at room temperature, and the viscosity
of its molten state is relatively large (Chen et al., 2015).
The above-mentioned excellent engineering properties
of PCL have quickly attracted the attention of materials
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scientists. According to research, the appearance of PCL
is milky white with a waxy texture, the melting point is
about 60 °C, and the molecules contain freely rotatable
C-O bonds and C-C bonds, which makes PCL have
good flexibility and processability in terms of macro-
scopic material properties, and can be extruded, injection
molded, wire drawn, blown film, etc. (Woodruff & Hut-
macher, 2010). Relevant scholars have heated the PCL
sample to the melting point, and then rapidly cooled it to
a predetermined crystallization temperature. The result
reveals that the crystallization process of PCL is roughly
the formation of needle-shaped crystals, columnar crys-
tals, approximately elliptical-shaped crystals, and finally a
large spherulite in contact with the entire sample crystal
phase (Han et al., 2011). In addition, PCL has good ther-
mal stability; its decomposition temperature is higher
than other esters, which is about 350 °C. Its mechanical
properties are similar to those of polyolefin (Leonés et al.,
2020), with the tensile strength being about 12—-30 MPa,
and the elongation at break reaching 300-600%.
Compared with traditional silicate building materi-
als, PCL shows excellent ductility and higher strength.
Its good mechanical properties and workability can
make up for the lack of related properties of grout-
ing reinforcement materials in geotechnical engineer-
ing. However, there are still few studies and reports on
the application of PCL in this field. To meet the above
engineering requirements, the physical and mechanical
characteristics and microstructures of PCL are studied
and analyzed in this paper. It is found that PCL has com-
pact internal structure, good ductility, high strength and
excellent engineering performance. By adjusting the mix
ratio and adding PCL as ductile additive to the cement
slurry, the mechanical properties and microstructure of
PCL-cement-based materials are further investigated in
this paper, which aims to provide a scientific basis for the
research and design of anchoring grouting materials and
high-strength and high-toughness concrete.

2 Sample Preparation and Experiments
2.1 Sample Preparation

2.1.1 Materials

1. Ordinary Portland Cement: The P.O42.5 Ordinary
Portland Cement produced by Huaxin Cement Plant

Table 1 Basic technical indicators of PCL.
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was used, and all indicators were in line with the
standard “General Portland Cement” (GB175-2007).

2. Polycaprolactone: A synthetic polyester biopolymer
material with a melting point of about 60 °C was
used, showing higher viscosity and poor fluidity in
the molten state. The PCL used in the experiment
was a powdered solid. After mixing it with cement-
based raw materials, the powdered PCL can be more
evenly distributed in the cement and sand particle
system. The technical indexes of PCL used in this
paper are as follows (Table 1):

3. Sand: China ISO standard sand was used for the
preparation of cement mortar.

4. Water: Tap water was adopted.

2.1.2 Instruments for Sample Preparation

(1) A small mixing equipment; (2) a set of detachable
steel cylindrical molds with an inner diameter of 50 mm
and a height of 100 mm; (3) a set of detachable steel cube
molds with a size of 20 mm x 20 mm x 20 mm; (4) an
electronic balance (with weighing accuracy 0.1 g); (5) a
digital display thermostat water bath (temperature range
is from room temperature to 100 °C); (6) a barrel of lubri-
cating oil; (7) a stainless steel plate, a plastic glue bucket,
a hammer, a screwdriver, a spoon, a putty knife, etc.

2.1.3 PCL Sample Preparation

To study the physical and mechanical properties of the
PCL, a standard cylindrical mold with an inner diameter
of 50 mm and a height of 100 mm was used to hold a suf-
ficient amount of PCL granules, which was later heated
and melted in a water bath heater at 70 °C, and then
taken out. After hardening, cooling and demolding, a
standard PCL cylindrical sample was obtained. The spe-
cific process is shown in Fig. 2. The heating and melting
process of the PCL granules lasted about 2.5 h, and the
crystal hardening process was about 0.5 h. After cooling,
the sample was demolded after being heated in the water
bath for 24 h.

As the particle sizes of the PCL granules was large,
the melting process in the water bath was slow and it
was difficult to uniformly mix them into the cement-
based slurry; therefore, the PCL added to the com-
posite cement-based material was in powder form.

PCLmodel Molecularformula Approximate Appearance Particle Hydroxyl value Meltindex Melting Sample
molecular size (um) (mg KOH/g) pointrange  density
weight (C) (g/cm?)

Capa 6500  (C4H,00,), 50,000 Grain 3000 2 7 58-60 1073

Capa 6506  (C4H,00,), 50,000 Powder 3-6 2 7 58-60 1.086
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Fig. 2 Sample preparation of PCL granules.

(b) Crystallization and hardening process

This experiment also included a set of standard
cubic samples made of PCL powder, with a size of
20 mm x 20 mm x 20 mm. Since the sample volume was
small and the powdery form could be fully heated, the
melting process of PCL powder in water bath was only
30 min and the hardening time was shorter compared
to that of PCL granules. The sample was also demolded
after 24 h. Fig. 3a shows the morphology of the PCL pow-
der during the cooling and crystallization process, and
Fig. 3b shows the image of prepared PCL powder sample.

2.1.4 Preparation of PCL-Cement Paste Sample

PCL does not have cohesiveness at room temperature. In
this paper, a water bath heating method was adopted to
incorporate PCL into cement-based materials. Among

them, the mix design and sample preparation process of
the PCL-cement paste sample were as follows:

(1) Cement paste mix design: Based on the commonly
used grout mix design scheme at the grouting site,
the cement paste water—cement ratio (W/C) was
set to 0.8. The PCL powder was used as an additive,
and its mass accounted for 0.0%, 0.9% and 1.8% that
of the cement, respectively. Then, the mixture was
poured into the prepared pure cement slurry and
stirred evenly.

(2) Sample moulding: The mold shall be cleaned before
pouring, and its inner wall shall be evenly coated
with a layer of lubricating oil. The evenly mixed
PCL cement paste was poured into the standard

(a) Cooling and crystallization
Fig. 3 Sample preparation of PCL powder.

-

(b) Cube samples
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cylindrical mold with an inner diameter of 50 mm
and a height of 100 mm. The vibration table or
manual vibration method was used in the pouring
process to ensure that the cement paste and PCL
powder were evenly mixed. After pouring, a scraper
was used to gently scrape and smooth the slurry
that was higher than the test mold. For each group
of samples, three identical test blocks were poured
and numbered.

(3) Water bath heating: The mold containing the paste
was placed in a water bath and heated for 30 min
(as shown in Fig. 4a). The temperature of the water
bath used in the test was 70 °C, slightly higher than
the melting point of PCL. After cooling, the PCL
powder could fill and cement the stone, achieving
an effect similar to grouting reinforcement. At the
same time, the non-heating group 1-1 was set as a
control.

(4) Curing, molding and demolding: After the water
bath treatment, the paste was placed in a curing
box or an indoor environment with a suitable tem-
perature (as shown in Fig. 4b) for 7 days of curing.
Demoulding should be carefully operated to pre-
vent sample damage. The specific mixing ratio and
conditions for sample preparation are shown in
Table 2:

2.1.5 PCL-Cement Mortar Sample Preparation

1. Cement mortar mix design: The water—cement ratio
(W/C) of cement mortar sand was set to 0.6, and the
mass of the standard sand added was 3 times that of
the cement. Considering PCL as auxiliary additive

Page 5 of 18

Table 2 Cement paste mix design and preparation conditions.

No. Water- PCL Water bath Water Curing
cement content/% temperature/’C bath time/d
ratio (W/C) (PCL/C) time/min

-1 08 0.0 0 0 7

1-2 08 0.0 70 30 7
08 09 70 30 7

1-4 08 1.8 70 30 7

and not constituting the main component of cemen-
titious material, the influence of PCL on the mechan-
ical properties of cement mortar is studied. The PCL
mass was set as 1%, 2%, 3%, 5%, 10%, 15%, 20% of the
cement mass. At the same time, to verify that the
PCL can play a better cementation effect and has
good toughness, the experiment designed compara-
tive groups 2-9, The preparation process consists of
mixing PCL and standard sand evenly, melting PCL
by heating and forming homogeneous samples after
cooling. The PCL-sand sample is shown in Fig. 5a.

2. Sample molding: The well-mixed PCL-cement mor-
tar sample was poured into a detachable steel cube
mold with a size of 20 mm x 20 mm x 20 mm. Three
identical blocks were poured for each group of sam-
ples.

3. Water bath heating: Theoretically, when the initial
setting process of cement was basically finished and
the cement mortar was in the initial stage of harden-
ing, the PCL powder should be cooled and hardened
at the same time, so that it could cement the mor-
tar aggregates. Therefore, the water bath heating was
performed after the initial setting process was over
(about 45 min of pouring) (as shown in Fig. 5b).

(a) Water bath heat

Fig. 4 Preparation of PCL-cement paste samples.

(b) Curing and molding
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(a) PCL-sand sample

Fig. 5 Preparation of PCL-cement mortar samples.

(b) Water bath heating

AP o

(c) PCL-cement mortar
samples

4. Curing, molding and demolding: The curing time of
each group of samples was 28 days, after which the
samples were demolded, as shown in Fig. 5¢c. The
specific mix design and sample preparation condi-
tions of PCL-cement mortar samples are shown in
Table 3.

2.2 Methods and Instruments

To study the properties of PCL modified cement-based
materials, the mechanical properties and microstruc-
tures of PCL specimens, PCL-cement paste specimens,

Table 3 PCL-cement mortar samples mix design.

and PCL-cement mortar specimens were tested by
experiments.

2.2.1 Compression Test of PCL Specimens
In this paper, an RMT-301 rock direct shear/triaxial com-
pression combined testing machine was used to test the
compressive strength of the PCL samples (as shown in
Fig. 6a). The PCL sample size for uniaxial compression
test was 20 mm x 20 mm x 20 mm, and the loading rate
was controlled by strain to 0.5 mm/min.

After the uniaxial compression test was performed on
the PCL sample, it was found that the plastic character-
istics were obvious, and the compression curve had no

No. Water (W) Cement (C) Standard sand PCL content/%  Water bath Water bath Curing time /d
(S) temperature/C time/min
2-1 0.6 1 3 0 70 30 28
2-2 0.6 1 3 1 70 30 28
2-3 0.6 1 3 2 70 30 28
2-4 0.6 1 3 3 70 30 28
2-5 0.6 1 3 5 70 30 28
2-6 0.6 1 3 10 70 30 28
2-7 0.6 1 3 15 70 30 28
2-8 0.6 1 3 20 70 30 28
2-9 0 0 1 60 70 30 28
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(a) RMT-301 rock triaxial
test system

Fig. 6 Experimental instruments.

(b) Geosynthetics testing
machine

(c) Scanning electron microscope

peak points. According to the standard test method for
the compression properties of rigid foams, the compres-
sive strength without yield point was defined as the stress
at 10% deformation. Compressive modulus of elasticity
was defined as the tangent modulus within the propor-
tional limit of the stress—strain curve. The basic mechani-
cal index of the sample was calculated as follows:

Compressive strength oy, (MPa):

P
Om = AQ:

where oy, is the uniaxial compressive strength/MPa; P is
the maximum compressive force when the relative defor-
mation €< 10% of the specimen/N; Ay is the initial cross-
sectional area of the test piece/mm?.

Compression modulus of elasticity E (MPa):

ho
E=0.x —,
Xe

Fe

O = —

Ao’

where F is the compressive force within the proportional
limit (there is an obvious straight part in the force—dis-
placement curve)/N; x is the compression deformation
at Fe/mm; /g is the initial thickness of the sample/mm.

2.2.2 Compression Test of PCL-Cement-Based Materials
After the PCL-cement-based specimens were molded,
they were cured at room temperature for about 24 h and
demolded, and then continued to be cured at room tem-
perature to the specified time. The room temperature
was 20+2 °C, and the relative humidity was 65-70%.
The compressive test of PCL-cement-based materials was
carried out using the DW1210 electronic geotextile uni-
versal strength tester, a geosynthetic electronic strength
testing machine (as shown in Fig. 6b). The loading rate
was controlled by strain to 0.5 mm/min.

PCL-cement-based materials are brittle materials.
According to the method standard for concrete physi-
cal and mechanical properties tests, the cubic compres-
sive strength is defined as the stress when the specimen
is broken, and the compressive modulus of elasticity is
defined as the secant modulus between the starting point
of an obvious straight line and the 1/3 axial compressive
strength point in the stress—strain curve. The specific cal-
culation formula is as follows:

Uniaxial compressive strength R:

P/
RC = _C,

Ao
where R is the uniaxial compressive strength/MPa; P, is
the load when the specimen is broken/N; Ay is the initial
cross-sectional area of the specimen/mm?
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Average compressive modulus of elasticity E,,:

Epy = M,

Ep — €a

where E,y is the average modulus of elasticity (MPa); o,
is the stress value at the starting point of the straight line
on the relationship curve between stress and longitudinal
strain; oy, is the stress value of 1/3 of the uniaxial com-
pressive strength; g, is the longitudinal strain value when
the stress is o,; €p is the longitudinal strain value when
the stress is oy,

2.2.3 Scanning Electron Microscope Test

In scanning electron microscope (SEM), an electron
beam with a certain energy bombards a solid sample
to make the electrons interact with the sample, thereby
generating lots of useful information, and then a spe-
cial detector is used to separately collect, process and
form an image. As a result, the microscopic morphol-
ogy and structure of the sample can be intuitively
observed. In this paper, A Hitachi S-4800 scanning
electron microscope (as shown in Fig. 6¢) was used
to conduct scanning electron microscopy tests on the
cross sections of PCL samples and PCL-cement mor-
tar samples.

3 PCL Characteristics

3.1 Compression Deformation Characteristics of PCL
Specimens

The uniaxial compression test was carried out on the

granular PCL cylindrical sample. As the loading process
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progressed, the sample was gradually compressed into
a drum shape, and finally pressed into a pancake shape
without significant fracture. Its failure pattern and char-
acteristics were similar to those of rigid foams in com-
pression tests, and there was no strength limit during
the compression loading. In the final stage, the liquid
was isolated on the surface of the material due to heating
and melting. Fig. 7 shows the morphology of the granu-
lar PCL cylindrical sample before and after loading.

When loading the cubic sample of powdered PCL
under the uniaxial compression, Fig. 8 shows the sam-
ple morphology when the compression ratios are 0%,
10%, 30%, and 40%, respectively. It can be seen that
with the increase of the load, the cubic sample under-
went a relatively obvious volumetric compression (when
h=18 mm), and then the middle part of the sample
bulged (when #=14 mm). During the whole loading
stage, no visible tensile cracks appeared on the surface of
the sample.

3.2 PCL Stress-Strain Analysis
The respective stress—strain relationship curves obtained
by the uniaxial compression test on the above two forms
of PCL specimens are shown in Fig. 9:

The following conclusions can be drawn from the above
figure:

1. During the loading process of the granular PCL sam-
ple, when the strain is about 8%, there is a turning
point, where the curve changes from steep to flat.
Before this point, the stress—strain curve is approxi-
mately a straight line; after this point, the stress

Fig. 7 Morphology of the granular PCL cylindrical sample before and after loading.
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h=20mm

h=18mm
Fig. 8 Morphology of the powdered PCL cubic sample under the uniaxial compression test.

h=14mm h=12mm
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~~~~~ granular PCL sample

25 |
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Stress/MPa
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0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
Strain/%

Fig. 9 Uniaxial compression stress—strain curves of PCL specimens of
two forms.

increases slowly as the strain increases. When the
strain is 40%, the stress is 23.98 MPa.

2. During the loading process of the powdered PCL
sample, when the strain is 12%, there is also a turn-
ing point, where the curve changes from steep to flat.
When the strain reaches 40%, the stress is 25.03 MPa,
showing good bearing capacity and toughness.

3. Comparing the stress—strain curves of the above two
types of PCL samples, it can be found that at the ini-
tial stage of loading the linear relationship between
the stress—strain curves of the granular PCL is more
significant, and the stress increases faster. In the
strain hardening process after the turning point, the
curves of the two materials remain approximately

Table 4 Basic physical and mechanical parameters of PCL.

parallel, and the stress growth rates are basically
identical.

3.3 Basic Physical and Mechanical Parameters of PCL
According to the above definition of plastic materials’
compressive strength and compressive modulus of elas-
ticity, the basic physical and mechanical properties of the
sample are calculated as shown in Table 4:

3.4 Microstructure Analysis

Generally speaking, the microstructure of a material
determines its macroscopic properties. To further learn
the structural characteristics of PCL, the SEM observa-
tion and analysis of the PCL powder (Fig. 10) and the
cross-sectional area of the PCL powder sample obtained
by the melting—cooling—hardening process (Fig. 11)
were performed. It can be seen from Figs. 9 and 10 that
the natural aggregates of the PCL powder have irregular
shapes, while the surface is relatively flat and even. The
PCL powder sample obtained by the melting—cooling—
hardening process has a smooth cross section, few pro-
truding defects and no micro-cracks. The cross-sectional
structure is uniform and dense, which is consistent with
its excellent macroscopic mechanical properties.

4 PCL-Cement Paste Characteristics

Cement paste is often used for grouting, spray anchoring,
bolt grouting, and duct grouting for prestressed concrete.
The performance of cement paste plays a vital role in the

Material Density/(g/cm3) Compressive strength/MPa Compression
modulus of
elasticity/MPa

Granular PCL sample 1.073 13.96 165.5

Powdered PCL sample 1.086 12.57 145.2
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‘ §§00 SE(M )i
Fig. 10 SEM images of PCL powder aggregate.

$4800 3.0kV.9.7mm x500 SE(M)

Fig. 11 SEM images of the cross-sectional area of the PCL powder sample.

anchoring effect of the anchorage section. This part of
the experiment mainly studies the effect of adding PCL
on the physical and mechanical properties of the cement
paste. Among them, the compressive strength is the most
basic mechanical performance index of cement-based
materials, as it reflects the maximal load that the material
can withstand.

4.1 Failure Morphology of PCL-Cement Paste Sample

A uniaxial compression test was carried out on the pre-
pared PCL-cement paste sample, and the loading force
and sample deformation amount during the loading
process were monitored in real time. The shapes of the
sample before and after loading are shown in Fig. 12.
In the initial stage of loading, the surface of the PCL-
cement paste sample was peeled off. With the increase
of the load, the tensile crack developed downward from
the upper end of the sample, and finally, a monoclinic

or vertical primary crack was formed, and the shear
failure or tensile failure occurred.

4.2 Stress and Strain Analysis of PCL-Cement Paste

The uniaxial compression test was performed on the
four sets of samples obtained through the mix design
and under the preparation conditions in Table 2, and the
resulting stress—strain relationship curves are shown in
Fig. 13. Sample 1-1 did not mix with PCL and did not
undergo a water bath heating process, but its compres-
sive strength was the highest. It can be seen that: on
the one hand, water bath heating during the initial set-
ting of cement would significantly reduce the strength
of the sample, the uniaxial compression strength would
increase more slowly, and the sample would be softer
throughout the deformation stage; on the other hand,
as the content of PCL powder increased, the straight
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Fig. 12 Morphology of the sample before and after loading.

7 H—SMI-1: 0.0%-0°C-0min
— - SMI-2: 0.0%-70°C-30min
6 || s 09%70°C-30min
[[o+++SM1-4: 1.8%-70°C-30min

5 -
<
£at )
P
2 fereens
2
= -
Z3t PR, . PR

Lo~ K N - ~.
Ve g
’ '
2k s Lo
/ -
/ -
I/ "
ot e
.
1 F i’ -
-
e
0 T 1 1 1 1 ]
0 1 4 5

2 . 3
Strain /%
Fig. 13 PCl-cement paste stress—strain relationship curves with
various PCL content.

line of the stress—strain curve became steeper, and the
strength of the sample increased slightly.

4.3 Basic Physical and Mechanical Parameters
of PCL-Cement Paste

The modulus of elasticity is an important index to
describe the stiffness of material, and the failure strain
reflects the toughness of material. Both of them can
reflect the influence of PCL on the bearing capacity and
deformation properties of cement paste. The basic physi-
cal and mechanical parameters of each group of samples
calculated are shown in Table 5, and it can be seen that:

Water bath heating significantly reduced the compres-
sive strength and average elastic modulus of the sample,
while the failure strain was increased. Plus, the increase
in the ductility of the sample also led to a decrease in
strength. From the analysis of hydration mechanism,
cement hydration was an exothermic process. On the one

Table 5 Mechanical properties of cement paste with various PCL content.

No. PCL content/% Water bath Water bath Maintenance Compressive Failure strain/% Average elastic
(PCL/C) temperature/C time/min cycle/d strength/MPa modulus/MPa

1-1 0.0 0 0 7 6.289 1.785 4613

1-2 0.0 70 30 7 3.134 3.193 90.1

1-3 0.9 70 30 7 2924 2.890 185.7

1-4 1.8 70 30 7 3.921 2613 200.0
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hand, the water bath heating inhibited the progress of the
hydration reaction, making the cement paste strength
relatively low during the same period. On the other hand,
the interior of the sample was loosen by the water bath
heating, so the specimen gained better toughness while
compromising strength.

At the same time, with the increase in the content of
PCL, the average elastic modulus of the sample increased
from 90.1 to 200.0 MPa, and the compressive strength
also lifted from 3.134 to 3.921 MPa. Howeve, the failure
strain decreased from 3.193 to 2.613%, indicating that the
addition of PCL can improve the strength of the cement
paste.

5 PCL-Cement Mortar Characteristics

Cement mortar is often used as a grouting material, a
binder in masonry engineering, etc. Apart from lacking
of coarse aggregate, it is identical with concrete in terms
of workability, bleeding rate, strength, and shrinkage. The
study of the influence of PCL content on the mechanical
properties of cement mortar can reflect the bearing char-
acteristics of grouting consolidated body under different
PCL content on the one hand, and provide a reference
basis for the research of PCL modified concrete on the
other hand.

5.1 Physical and Mechanical Properties of PCL-Sand
Sample
To study the bonding power, strength and deformation
characteristics of molten PCL as a cementitious material,
the experiment replaced cement with PCL as a control.
The specific mix design of the PCL-sand sample is
shown in Table 3. The 20 mm cubic sample was made
by water bath heating, and the uniaxial compression test
was performed on it after 28 days of curing. Fig. 14 shows
the sample morphology when the compression ratio is
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Fig. 15 Stress—strain relationship curves of the PClL-sand sample and
the powdered PCL sample.

0%, 5%, and 15%, respectively. In the early stage of load-
ing, the morphological change of the sample was similar
to that of the pure PCL powder sample. As the loading
force increased, the middle part of the sample bulged;
after the compression rate reached 15% (#=17 mm), a
short vertical crack appeared in the middle of the sam-
ple. During the entire loading process, no large cracks or
flaking occurred on the sample. Fig. 15 shows the com-
parison of the uniaxial compression stress—strain curves
between the PCL-sand sample and the powdered PCL
sample, and Table 6 shows the mechanical parameters of
these two materials.
It can be concluded from Fig. 15 and Table 6 that:

1. The compressive strength of the PCL-sand sam-
ple is 13.26 MPa, which is slightly higher than the
12.57 MPa of the powdered PCL sample. According
to the compression characteristics of plastic materi-
als, the compressive modulus of elasticity of the PCL-
sand sample is calculated to be 151.8 MPa, which is

h=20mm
Fig. 14 Morphology of the PCL-sand cubic sample in the uniaxial compression test.

h=19mm

h=17mm
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Table 6 Mechanical parameters of PCL-sand sample and the powdered PCL sample.

Sample Ratio

Compressive strength/MPa Compression
modulus of

elasticity/MPa

Powdered PCL sample Pure PCL powder

PCl-sand sample PCL:isand =0.6:1

12.57
13.26

145.2
151.8

Fig. 16 Morphology of the sample before and loading.

also slightly larger than the 145.2 MPa of the pow-
dered PCL sample.

2. At the initial loading stage, the stress—strain curves of
the two materials overlap, indicating that the defor-
mation characteristics of PCL-sand under small loads
are mainly controlled by the PCL. With the further
increase of the load, the PCL-sand sample yields.
Since then, its strain continues to increase, but the
internal stress of the sample is basically maintained
at about 14 MPa. By contrast, the pure PCL sam-
ple also experiences a short yielding process, but it
quickly enters the strengthening phase. As its strain
continues to increase, the strength growth slows
down, but there is still a significant increase. In addi-
tion, compared with ordinary silicate materials, the
two specimens witness no failure and a steep curve
drop during the entire loading process, and the effec-
tive strength growth can still be maintained under
large compression deformation. This indicates that
the use of PCL instead of cement as a cementitious
material can significantly reduce the brittle deforma-
tion of cement-based materials when loaded, which is
extremely beneficial to the long-term stability of the
engineering project.

5.2 Failure Morphology of PCL-Cement Mortar Sample

Series uniaxial compression tests on the prepared PCL-
cement mortar samples with various mix ratios were car-
ried out. Fig. 16 shows the morphology of PCL-cement
mortar sample before and after loading. It can be seen
that as the loading process progresses, the surface of the

—SM2-1: pel=0%
—SM2-2: pel=1%
—SM2-3: pel=2%
—SM2-4: pel=3%

SM2-7: pel=15%

—SM2-8: pcl=20%

Stress /MPa

0 1 2 3 4 5 6 7 8 9
Strain /%

Fig. 17 PClL-cement mortar stress—strain relationship curves with

various PCL content.

sample peels off. There is an angle between the normal
line of the cement mortar failure surface and the load-
ing direction, and the failure form is X-shaped conjugate
inclined plane shear failure.

5.3 Stress-Strain Analysis of PCL-Cement Mortar

Fig. 17 shows the stress—strain curves of the uniaxial
compression test on cement mortar samples with differ-
ent PCL content. It can be seen that, on the one hand,
cement mortar with 0% PCL has the lowest strength,
and its failure strain is also relatively small. The addition
of PCL powder can significantly improve the strength of
cement mortar. On the other hand, there is no obvious
evidence to prove that PCL can improve the toughness of
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Table 7 Mechanical parameters of PCl-cement mortar with
various PCL content.

No. PCL Compressive  Failure strain/% Average
content/%  strength/MPa elastic
(PCL/C) modulus/%

2-1 0 4.995 2.134 2310

2-2 1 5.946 1.802 2.178

2-3 2 6.021 4472 0.980

2-4 3 8.383 2.009 4.090

2-5 5 4318 5.767 0.570

2-6 10 5771 2617 1.965

2-7 15 8.586 4.380 2.704

2-8 20 8462 2483 3.591

cement mortar, but it can be seen from the stress—strain
relationship curves that, compared with the sample with-
out PCL, when the PCL content is larger than 5%, both
the strength and ductility of the sample can be signifi-
cantly improved.

5.4 Basic Physical and Mechanical Parameters
of PCL-Cement Mortar
In the process of cement-based material design and qual-
ity control, mechanical properties are the most impor-
tant indicators to identify the macroscopic properties of
materials, and are usually the most important properties
for researchers and engineers. Calculate the compressive
strength and average elastic modulus of each sample, and
arrange them together with the failure strain in Table 7.
At the same time, the influence of PCL content on the
above three is shown in Fig. 17.
It can be concluded from Table 7 and Fig. 18 that:

1. The strength of cement mortar can be increased by
adding PCL, especially when the PCL content is large
(=5%), the strength of cement mortar is significantly
improved; in this regard, we think that as an organic
resin material, PCL does not participate in the hydra-
tion reaction of cement, so it only plays a role in
physical modification of cement consolidated body
after mixing. Combined with the SEM results, we
think that when the content of PCL is small (<5%),
PCL fails to form an effective stress transfer path in
the consolidated body, but causes stress concentra-
tion in the sample, Thus, the cement consolidated
body reaches the bearing limit earlier. When the
PCL content is large (>5%), the cooling PCL floc gel
may form a more stable stress release path within the
sample, thus reducing the stress on the cement con-
solidated body, and the strength and modulus of the
sample are significantly improved.when the PCL con-
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Fig. 18 Influence of PCL content on the mechanical parameters of
cement mortar.

tent is 15%, the strength of cement mortar reaches
8.586 MPa, which is 69% higher than the 4.995 MPa
of pure cement mortar.

2. By adding PCL powder, the brittleness of cement
mortar can be improved to a certain extent, and the
ductility of the sample can also be strengthened. It
can be seen from Fig. 18 that the failure strains of the
sample with PCL added are basically greater than that
of the pure cement mortar, which is 2.134%. When
the PCL content is 15%, the failure strain is 4.380%,
which is 105% higher than that of pure cement mor-
tar.

3. The effect of adding PCL powder on the average
elastic modulus of cement mortar is not significant.
When the PCL content is small, the average elas-
tic modulus of PCL-cement mortar even decreases
slightly. Only when the PCL content is greater than
15%, the average elastic modulus becomes larger than
that of pure cement mortar.
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5.5 Microstructure Analysis

Generally speaking, the microstructure of a material
determines its macroscopic properties. On the one hand,
cement mortar is a porous and multiphase material, and
the micro pore structure determines the basic proper-
ties of cement mortar to a certain extent. On the other
hand, the distribution of PCL powder in cement mortar
directly affects the toughness, integrity and continuity of
cement mortar, and is of great significance for improving
the crack resistance, impermeability, impact resistance
and flexibility of cement-based materials.

In this paper, PCL was added to cement mortar, and
was cooled, crystallized and hardened during cement
hydration. Then it intersected and clung with the cement
hydration product C-S—H inside the cement, cementing
the dispersed fine aggregate (sand), unhydrated cement
and hydrated products to form a solid and close whole in
three-dimensional space, and eventually enhancing the
strength of cement stone after hardening. To understand
the morphology, distribution and bonding of powdered
PCL in the cement mortar, PCL-cement mortar samples

Page 150f 18

with 5% and 20% PCL were selected for SEM observation.
The microscopic images are shown in Figs. 19 and 20.
It can be seen from Figs. 19 and 20 that:

1. The two cement mortar samples with different PCL
content have already undergone cement hydra-
tion, forming flakes of Ca(OH), wrapped around
the hydration products. At the same time, a large
number of floc C-S—H growing in clusters can
be observed. In Fig. 20, many micropores can be
observed from the sample section, and the paste
density is low, which also corresponds to the lowest
strength (4.318 MPa) in uniaxial compression test.

2. It can be seen from Fig. 19 that PCL is mainly fibrous
and needle-like in the cross section of the cement
mortar sample, and its shape conforms to the char-
acteristics of ductile materials when there is ten-
sile failure. At the same time, fibrous PCL is more
concentrated in the cement hydration products by
embedding in the C-S—H gel, but is less distributed
in the area of unhydrated cement or fine aggregates

l\\ \‘.-
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Fig. 19 SEM image of PCL-cement mortar cross section (PCL = 20%).
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Fig. 20 SEM image of PCL-cement mortar cross section (PCL =5%).

(sand particles). In Fig. 20, the PCL fiber observed in
cement mortar with less PCL content is significantly
reduced.

6 Summary

By studying the properties of PCL, a high ductility mate-
rial, we creatively adds molten PCL powder to cement-
based paste, and examines in-depth the physical and
mechanical properties and the microstructure character-
istics of cement pastes and cement mortars with different
PCL content. The conclusions are as follows:

1. PCL has good ductility and compressive strength,
and its strength is relatively high in the early stage
of compression. After 24 h of curing, its strength is
greater than 12 MPa. When adding 0.0%, 0.9%, and
1.8% PCL into the cement paste to make a standard
sample for uniaxial compression test, it is found that
with the increase of PCL content, the compressive
strength of cement paste sample has been signifi-
cantly improved, but the failure strain has decreased.
This may be caused by the relatively small content of
PCL.

2.

3.

The PCL-sand sample prepared with PCL as the
cementitious material has similar load-bearing char-
acteristics to pure PCL powder at the initial stage of
compression. At the end of the loading stage, there
is a yield phenomenon but no brittle fracture, show-
ing good ductility and high strength. When adding
1%, 2%, 3%, 5%, 10%, 15%, 20% PCL into the cement
mortar, it is found that when the PCL content is
higher (greater than 15%), the strength and ductility
of cement mortar can be significantly improved.
Through the SEM observation of the powdered PCL
sample, it is found that the internal structure of the
sample is uniform and compact, and there is no
micro-crack after compression. This demonstrates
that PCL has good toughness and high strength
from a macroscopic perspective. At the same time,
through the SEM observation of the cross section of
cement mortar samples with PCL content of 5% and
20%, respectively, we have found fibrous or needle-
like PCL powder embedding in the cement base or
the pores of the C-S—H gel, making the structure of
the cement mortar even denser. Therefore, it can be
proved that the addition of PCL has enhanced the
strength and reduce the brittleness of the traditional
cement mortar.
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4. The current research merely focuses on PCL modi-
fied cement paste and cement mortar for grouting
reinforcement materials. In the future, we may fur-
ther study the mechanical properties of PCL modi-
fied concrete, so as to provide basis for high-strength
and high-performance design of concrete.
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